Thermionic arc drop and ignition point correlations with respect to emitter temperature, cesium pressure, and interelectrode spacing as potential design tools for a planar converter by Donovan, Brian Donald
THERMIONIC ARC DROP AND IGNITION POINT CORRELATIONS WITH 
RESPECT TO EMITTER TEMPERATURE, CESIUM PRESSURE, AND 
INTERELECTRODE SPACING AS POTENTIAL DESIGN
TOOLS FOR A PLANAR CONVERTER
Thesis
Submitted to
The Engineering College of the 
UNIVERSITY OF DAYTON
In Partial Fulfillment of the Requirements for 
The Degree
Master of Science in Aerospace Engineering
by
Brian Donald Donovan
UNIVERSITY OF DAYTON 
Dayton, Ohio 
December 1995
UNIVERSITY OF Df.YTON BE ARY
riiEsts ‘J- > 076S3
THERMIONIC ARC DROP AND IGNITION POINT CORRELATIONS WITH 
RESPECT TO EMITTER TEMPERATURE, CESIUM PRESSURE, AND 
INTERELECTRODE SPACING AS POTENTIAL DESIGN TOOLS FOR A 
PLANAR CONVERTER
APPROVED BY
ABSTRACT
This project characterizes thermionic converter performance with respect to 
emitter temperature, cesium pressure, and interelectrode gap. Both 
experimental and computational current density vs. voltage (J-V) curves were 
generated, and conclusions were drawn on correlations between arc drop, 
ignition points, emitter temperature, cesium pressure, and interelectrode gap.
A set of J-V curves were generated experimentally for interelectrode gaps of 
2 mils, 4 mils, 7 mils, 12 mils, & 16 mils. At each gap, a set of 25 J-V curves 
were generated corresponding to five different cesium pressures at the 
following emitter temperatures: 1600 K, 1700 K, 1800 K, 1900 K, and 1950 K.
The experimental J-V curves were modeled using one computer program 
called TECMDL for the ignited region, and another computer program called 
MASTERPC for the unignited region of each curve. TECMDL was used to 
estimate arc drops, and MASTERPC was used to calculate the theoretical 
ignition current densities. TECMDL proved to be ineffective in predicting the 
performance of this thermionic converter in all configurations. Discrepancies 
between experimental data and calculated values were commonly 100% or 
more. This fact lead to inconclusive correlations pertaining to arc drop. 
MASTERPC calculations showed excellent agreement with the unignited 
portions of the experimental J-V curves for low emitter temperatures.
Strong correlations between ignition point and emitter temperature, cesium 
pressure, and interelectrode gap were determined. This information should be 
useful to the thermionic converter designer and may also be used as a 
diagnostic tool to estimate emitter temperatures during in-core testing.
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CHAPTER 1
INTRODUCTION
Thermionic energy conversion is the process of converting thermal energy 
(heat) to electrical energy by emitting electrons from a high temperature 
electrode (emitter) and collecting them with a lower temperature electrode 
(collector). These electrodes are separated by a fixed distance referred to as 
the interelectrode space, or gap. Conventional thermionic converters use a low 
pressure rarefied gas, typically cesium, to enhance the electron transport across 
the gap. The basic converter concept is illustrated in Figure 1.
The emitter and collector materials are typically refractory metal alloys of W, 
Mo, Nb or Re. The heat source for the emitter can be a result of solar 
concentration, combustion, a radio isotope, or a nuclear reactor. The primary 
requirement of the heat source is that it generate very high temperatures and 
energy densities in order to
achieve reasonably efficient 
thermionic conversion.
Conversion efficiencies can be 
anywhere from 5-25%, but 
typically are around 10% for 
reasonable lifetimes (3-10 year).1
In the United States, thermionic 
energy conversion has been an 
attractive option for electrical
Thermionic Converter
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power generation for space nuclear reactors. It enables reliable, compact, and 
static power generation with high (800-1000 K) waste heat rejection 
temperatures. The primary shortcomings are the structural/materials problems 
associated with the typical emitter temperatures of 1700-2000 K.9
The two most common geometry's for thermionic converters are planar and 
cylindrical. In the cylindrical case, emitter and collector are concentric cylinders 
with a nuclear fuel pin in the center. This configuration is used to build a reactor 
core with integral energy conversion. The planar configuration is somewhat 
less complicated, but most commonly thought of to be coupled to the outer 
surface of a nuclear reactor. This is an out-of-core configuration referred to as 
the STAR-C concept, which is a reactor concept proposed by General Atomic in 
the late 1960's.4
In addition to different physical configurations, thermionic converters can 
also be classified as either vacuum (low pressure) or gas filled (high pressure) 
diodes. Given that vacuum diodes are limited to low current operation, most 
power producing converters are Cs vapor filled high pressure diodes.1
Evaluation and subsequent analysis of a converter operating in a reactor 
environment requires the knowledge of the emitter temperature which is 
relatively difficult to measure. One way of circumventing this problem is the 
measurement of apparent saturation current density and output voltage as a 
means of determining emitter temperature.10 Theoretical arguments have 
revealed that the apparent saturation current density is independent of 
electrode work functions.10
The converter used for this project is a planar converter with an adjustable 
gap and transparent window to view the gap. The diode was built by Loral 
Electro Optical System under Air Force contract F33615-87-C-2706. The 
converter has the configuration shown in Figure 2. 6
3Collector Lead
Adjustable
Bellows
Heat Pipe
Radiator Fins
Collector
Emitter
Emitter Lead
Heater Wire.
Cesium Reservior
Figure 2. Window Diode
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Technical Background
Electron Emission. Thermionic emission of electrons from the emitter 
surface is affected primarily by the emitter work function, which is a function of 
temperature and material characteristics. The electron current density emitted 
from a high temperature metal to some point in a rarefied vapor just outside the 
metal surface is defined to be the electron-saturation-current density, Js.1 This 
quantity can be expressed by the relationship
Jq = AT2eL
A
kT (1)
where: me = 9.108 x 10'28 g (mass of an electron)
h = 4.140 x 10’15 ev s (Planck's constant)
e = 1.6021 x 1019 coulomb (charge of an electron)
k = 8.62 x 10‘5 ev/K (Boltzmann constant)
A= 47tmek2e =12Q amp
cm2 *K2
T = electrode temperature in K 
<J) = electrode work function in ev
known as the Richardson-Dushmann equation.1 Note that this equation 
assumes a uniform metal surface and that there is no externally applied electric 
or magnetic field. This relationship is valid for emitter emission and collector 
back emission.
Ion Emission. As in electron emission, there is also an ion-saturation- 
current density for cesium diodes represented byJs. If all metal ion emission is 
neglected, ion emission is given by the relationship
5Js _
ePa
V2nrngkTg
/ ry^n
1 + 2eL kT
k j
(2)
where: Pg = cesium pressure
Tg = cesium temperature at surface in K
mg = mass of a cesium ion
Vj = 3.89 ev (first ionization energy of cesium)
for positive cesium ion emission.1
Arc drop. There are essentially two modes of operation for conventional 
cesium diodes depending on the way in which the cesium in the gap is ionized. 
In the unignited mode, enough positive cesium ions are emitted from the emitter 
surface to compensate for the electron current density.2 In the ignited mode, the 
cesium is ionized by the high energy/temperature electrons in the gap.2 This 
energy exchange between electrons and cesium in the gap results in a lower 
output voltage (V) than for the unignited mode. This voltage drop required to 
sustain ignition in the cesium plasma is referred to as the arc drop, Vq.2
Ideally, the output voltage (realistically 0.4-1.2 V) of a thermionic converter 
can be expressed in terms of the difference in work functions of the emitter (<{>e) 
and the collector (<J>q)
V = 0E - (3)
neglecting any plasma and lead losses.3 In the ignited mode, the output 
voltage becomes
output power. - i ne unigniteo mooe oi operation is mat section ot tne d-v curve 
illustrated in Figure 3 by the higher voltage and lower current densities. The 
unignited mode of operation is a lower power mode of operation as compared 
to the ignited mode, but has does not have the associated arc drop to sustain 
the ignited plasma giving higher conversion efficiency . 3 Operation near the 
ignition point is unstable.
6V = 0E - <i>C ’ vd (4)
when the arc drop, usually on the order.of 0.4 V, is included.3
Ignition point. The ignition point is the current density (J) and voltage (V) 
at which a converter changes from unignited, or space charge limited mode, to 
ignited mode of operation. This can be illustrated on a typical J vs. V (J-V) curve 
as shown in Figure 3.
Figure 3, J-V Curve Illustration
Operating Region. There are two common regions of operation for a 
thermionic converter, ignited and unignited regions. The ignited region, 
illustrated in Figure 3 by the fully saturated part of the J-V curve above the 
"knee". This is the region of operation that produces high current densities and 
output power. 3 The unignited mode of operation is that section of the J-V curve 
illustrated in Figure 3 by the higher voltage and lower current densities. The 
unignited mode of operation is a lower power mode of operation as compared 
to the ignited mode, but has does not have the associated arc drop to sustain 
the ignited plasma giving higher conversion efficiency . 3 Operation near the 
ignition point is unstable.
CHAPTER 2
EXPERIMENTAL SETUP
The experimental work for this research project was performed in the 
Thermionics Test Facility of Wright Laboratory's Power Semiconductor 
Technology Section at Wright-Patterson Air Force Base. This test facility has 
been used since 1989 to performance map and life test planar thermionic 
converters. Figure 4 displays the planar converter test station, sweep 
generator, and oscilloscope used to characterize the variable gap window 
diode for this research project.
Figure 4. Planar Converter Test Station 
in the Thermionics Test Facility at 
Wright-Patterson Air Force Base.
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Figure 5 is a simplified illustration of the test setup consisting of a stainless 
steel water cooled vacuum chamber, a stainless steel mounting table, two 
ceramic stand-offs to electrically isolate the converter from the test chamber, a 
stainless steel mounting support, and the converter. After the initial baking out 
of the converter for out-gassing, the vacuum chamber must be maintained at
Collector
Lead
Vacuum 
,Cham ber
Emitter
Lead
ceram ic standoffs
Mounting Table
* ^5
l! . Ill .. . v
Figure 5. Simplified Test Chamber Schematic.
9
least 9 x 10‘6 torr for all tests at 
operating temperatures. This 
high vacuum is required to 
reach the high operating 
temperatures of above 1700 K 
and to prevent oxidation of the 
diode.
Figure 6 is a schematic of 
the apparatus that is used to 
generate electrical output 
data.8 It consists of a sweep 
generator, precision shunt 
resistor, and an oscilloscope. 
The sweep generator provides 
the bias voltage to drive the 
diode while the output current
Sweep Generator
r©-i
Shunt Resister
wv
Figure 6. Schematic of 
Measurement Circuit.
is measured indirectly as the potential across the shunt resistor.8 The sweep 
generator produces a single 60 Hz (16 ms period) sinusoidal pulse of variable 
amplitude to bias the diode. A peak to peak amplitude of 10 volts was used for 
these tests. The J-V data is stored on disk in the oscilloscope's floppy drive. 
The data is then converted to a more usable format and stored and plotted on a 
Macintosh computer.
The diode used for this investigation, shown in Figure 7, is a research device 
fabricated by Loral Electo-Optical Systems under Air Force Contract F33615- 
87-C-2706. 6 The cesium reservoir is a tube extending from the bottom flange 
and wrapped with heater wire. The the solid Re emitter (3.47 cm2) 6 and the 
Mo-CVD Re collector (4.67 cm2) 6 are visible through the transparent sapphire
10
Figure 7. Window Diode
window located immediately above 
the bottom flange/emitter seal 
assembly. Above the window and 
collector seal is the flexible bellows 
assembly that allows for variation of 
the interelectrode spacing without 
opening this hermetically sealed 
converter. There are three adjustment 
screws that are used to alter and fix 
the gap. At the top of the converter is 
a heat pipe with extended fins used to 
cool the collector. For this project, 
thermocouples were connected to the 
top of the heat pipe, the collector seal, 
the emitter seal, and the cesium 
reservoir. The emitter was heated by 
electron bombardment via a filament
inserted into the well in the center of
the bottom flange.
The emitter temperature is measured using an optical pyrometer focused on 
the surface of the solid electrode which can be seen through the transparent 
window of the diode. A calibration curve, shown in Figure 8, was used to 
convert the apparent surface temperature to the equivalent black body 
temperature. 11 The emitter is heated by electron bombardment and must be 
controlled manually. The collector temperature could not be directly measured. 
It could only be roughly estimated from the thermocouples attached to the 
collector seal and heat pipe surface. The cesium reservoir temperature was
11
Figure 8. Calibration Curve Used to Convert 
Observed Surface Brightness Temperatures to 
Black-Body Temperature for a Solid Re Surface. 11
controlled with a resistance heater. The temperature was measured using a 
thermocouple attached to the reservoir surface and used to estimate the cesium 
pressure based on the cesium vapor pressure tables in reference 1. The 
cesium vapor pressure in the diode can not be directly measured. No cooling 
was provided to the reservoir for this experiment, and as a result, a cesium 
pressure of one torr or lower could not be achieved at emitter temperatures 
greater than 1900K.
The gap must be set using the adjustment screws at room temperature, but 
as the device heats up to operating temperature, the electrodes swell due to
thermal expansion and the interelectrode space decreases. Loral estimates the
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change in the gap from room temperature to operating temperature to be 
approximately 8 mil. 6 This 8 mil estimate was verified experimentally by 
carefully shorting the electrodes to find the zero-gap reference point, then 
opening it to an 8 mil gap at room temperature; then the converter was slowly 
heated until the electrodes shorted together due to thermal expansion at an 
emitter temperature of about 1600 K. This procedure provided confidence in 
the estimate of an 8 mil change in gap from room temperature to operating 
temperature. Based on this procedure, it is also estimated that interelectrode 
spacing at operating temperature can be controlled to a tolerance of about plus 
or minus half a mil.
A set of J-V curves was generated experimentally for 5 different 
interelectrode gaps: 2 mils, 4 mils, 7 mils, 12 mils, & 16 mils (see reference 8 for 
details on experimental setup). At each gap, a set of 25 J-V curves were 
generated corresponding to five different cesium pressures at the following 
emitter temperatures: 1600 K, 1700 K, 1800 K, 1900 K, and 1950 K. The 
ignition points were determined from the J-V curves generated, but arc drops 
could not be determined from this data. The J-V curves generated are included 
in Appendix A, and a compilation of all ignition points is included in Appendix B.
CHAPTER 3
TRENDS IN IGNITION CURRENT DENSITY
The current density of a thermionic converter may have the most influence 
on the output power for a given interelectrode spacing, cesium pressure, and 
emitter temperature. While output voltages do not vary more than a few tenths 
of a volt, output current densities can vary by as much as several tens of amps 
per square centimeter.
The ignition point of a thermionic converter, described previously in Chapter 
1 and illustrated by Figure 3, is not a stable point of operation for any thermionic 
converter. As can be seen from the J-V curves in Appendix A, the ignition point 
for low emitter temperatures is very sharp and distinct but tends to blend the two 
regions together at emitter temperatures of 1900 K & 1950 K. In all cases, the 
ignition point voltage and current density were determined from the raw data to 
be the point of a local minimum of output voltage while the output current 
density is continuously increasing.
The ignition current density variation as a function of emitter temperature for 
each cesium pressure has been plotted at each interelectrode gap. The results 
for each gap illustrate similar trends, so only the results for the extreme 
magnitudes of interelectrode gaps have been included in Figures 9 & 10.
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Figure 9. Ignition Current Density as a Function of Emitter 
Temperature for an Intereiectrode Gap of 2 mil.
Figure 9 shows the ignition current density vs emitter temperature for a gap 
of 2 mil. The curves are essentially linear for all cesium pressures with a 
tendency to reach asymptotoc values at the higher emitter temperatures. For 
this 2 mil gap, the 1600 K ignition current density starts at about 1 amp/cm2 for 1 
torr and decreases steadily to about 0.5 amp/cm2 for 5 torr. This trend of 
decreasing current density with cesium pressure continues to the highest 
emitter temperature where the current density corresponding to 3 torr is 3.4 
amp/cm2 and the current density corresponding to 5 torr is about 3.1 amp/cm2.
Figure 10. Ignition Current Density as a Function of Emitter 
Temperature for an Intereiectrode Gap of 16 mil.
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These general trends also exist for the other interelectrode spacings, except the 
curves at 12 and 16 mil do not seem to be as linear. As illustrated by Figure 10, 
the ignition current density curves for 16 mil seem less linear in nature than for 
the 2, 4, and 7 mil gaps; but instead have an elongated "S" shape. The curves 
do level off at high emitter temperatures more strongly at this gap than at 
smaller gaps. This seems to indicate some sort of exponential relationship 
between ignition current density and emitter temperature. This behavior was 
only observed at 12 and 16 mil gaps and is attributed to overcoming the greater 
space charge of the larger gaps at 1700 - 1800 K. Similar to the behavior of the 
smaller gaps, the ignition current density decreased from about 0.4 amp/cm2 for 
1 torr to about 0.2 amp/cm2 for 5 torr at a 1600 K emitter temperature for this 16 
mil gap. This trend of decreasing ignition current density with emitter 
temperature continues at higher emitter temperatures as well.
Figures 11 and 12 show ignition current densities as a function of emitter 
temperature for 1 torr and 5 torr of cesium vapor pressure respectively. The 
curves for each gap do not exhibit as strong a trend as those for each cesium 
pressure, but some observations can be made. First, the ignition current density
Emitter Temperature (K)
Figure 11. Ignition Current Density as a Function of Emitter 
Temperature for 1 torr.
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Figure 12. Ignition Current Density as a Function of Emitter 
Temperature for 5 torr.
for the 2 mil gap is consistently higher than that at all the other gaps. This 2 mil 
gap is also fairly linear for all cesium pressures as well. The curves for the other 
gaps are not as consistent as those for 2 mil, but there does seem to be a 
general decrease in ignition current density as the gap increases. In all cases, 
the curves increase strongly as the emitter temperature increases.
Figures 13 and 14 display inverse ignition current density vs interelectrode 
spacing for 1 torr and 5 torr of cesium vapor pressure respectively. These plots
Figure 13. Inverse Ignition Current Density as a Function of 
Interelectrode Spacing for 1 torr.
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Figure 14. Inverse Ignition Current Density as a Function of 
Intereiectrode Spacing for 5 torr.
exhibit some very strong trends in for both emitter temperature and gap. For 
1600 K emitter temperature, there is clearly a minimum ignition current density 
for cesium pressures near the center of the curves, at either 7 or 12 mil. The 
next obvious trend is that ignition current densities steadily increase with emitter 
temperature and become nearly linear at 1900 K and 1950 K. At higher 
temperatures, the volume of electrons emitted and their thermal and kinetic 
energies are so high that losses due collision constitute a smaller fraction of the 
total output.
CHAPTER 4
TRENDS IN IGNITION VOLTAGE
The ignition point of a thermionic converter, described previously in Chapter 
1 and illustrated by Figure 3, is not a stable point of operation for any thermionic 
converter. As can be seen from the J-V curves in Appendix A, the ignition point 
for low emitter temperatures is very sharp and distinct but seems to blend the 
ignited and unignited modes together at emitter temperatures of 1900 K & 1950 
K. In all cases, the ignition point voltage and current density was determined 
from the raw data to be the point of a local minimum of output voltage while the 
output current density is continuously increasing.
The ignition voltage variation as a function of emitter temperature for each 
cesium pressure has been plotted at each interelectrode gap. The results for 
each gap illustrate similar trends, so only the results corresponding to the 
extreme gaps have been included in Figures 15 & 16.
18
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Figure 15. Ignition Voltage as a Function of Emitter Temperature 
for an Interelectrode Gap of 2 mil.
Figure 15 shows the ignition voltage vs emitter temperature for a gap of 2 
mil. For this 2 mil gap, the 1600 K ignition voltage ranges from at about 0 volts 
for 5 torr to about -0.5 volts for 2 torr. This trend for decreasing voltage with 
cesium pressure is reversed at higher emitter temperature, where the 3 torr 
voltage is 1.3 volts and the 5 torr current density is about 1.2 volts. The curves 
at 4, 7, and 12 mil (not shown) have similar trends with respect to the range in
Emitter Temp (K)
Figure 16. Ignition Voltage as a Function of Emitter Temperature 
for an Interelectrode Gap of 16 mil.
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voltage, but appear to be more linear in nature. As illustrated by Figure 16, the 
ignition voltage curves for 16 mil seem to exhibit an exponential shape with an 
asymptotic limit of about 1 volt. For all cases, the voltage range at ignition is 
much smaller at high emitter temperatures than at the lower emitter 
temperatures. At higher temperatures, the volume of electrons emitted and their 
thermal and kinetic energies are so high that arc drop due collisional losses 
constitute a smaller fraction of the total output voltage.
Figures 17 and 18 show ignition voltages as a function of emitter 
temperature for 1 torr and 5 torr respectively. The curves for each gap do not 
exhibit as strong a trend as those for each cesium pressure, but some 
observations can be made. First, the trends seem to be linear in nature with a 
large range in ignition voltage at 1 torr cesium pressure decreasing to a more 
narrow range in ignition voltage at 4 and 5 torr cesium pressures.
Emitter Temperature (K)
Figure 17. Ignition Voltage as a Function of Emitter 
Temperature for 1 torr.
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Emitter Temperature (K)
Figure 18. Ignition Voltage as a Function of Emitter 
Temperature for 5 torr.
Figures 19 and 20 display inverse ignition voltage vs interelectrode spacing 
for 1 torr and 5 torr respectively. These plots, and those for the other cesium 
pressures not shown here, exhibit some very strong trends in for both emitter 
temperature and gap. These curves clearly show that for these high pressure 
diode tests, there is no positive electrical power produced at emitter 
temperatures at or below 1700 K. It should also be noted at this point that the
diode did not spontaneously ignite at emitter temperatures below 1700 K; it was
Figure 19. Ignition Voltage as a Function of 
Interelectrode Spacing for 1 torr.
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Interelectrode Spacing (mil)
Figure 20. Ignition Voltage as a Function of 
Interelectrode Spacing for 5 torr.
the sweep generator that provided the bias voltage, and input power, to ignite 
the diode. This was readily observed during testing by a bright flash as the 
sweep generator was triggered. As expected, the ignition voltage increased 
with the emitter temperature. At higher temperatures, the volume of electrons 
emitted and their thermal and kinetic energies are so high that arc drop due 
collisional losses constitute a smaller fraction of the total output voltage.
CHAPTER 5
COLLECTOR TEMPERATURE ESTIMATION
As described in earlier chapters, there was no provision to experimentally 
measure the collector temperature of the window diode due to the fact that there 
was no access for a thermocouple. For this reason, a set of J-V curves were 
generated by biasing the converter into the negative power quadrant in order to 
see collector saturation emission. These curves can be seen in Appendix A. 
From ideal converter equations, the Boltzmann line is given by:1
V = (5)
eV—<t>E 
kT q
Combining (5) with (1):
J = AT£e
From the experimental back emission data given in Appendix A, points can 
be chosen from the collector saturation region to provide J & V coordinates to 
solve (6) for Tq. The constants A and k have been given in previous chapters, 
and <J>e is estimated to be about 5.1 ev for a Re emitter. 15 This equation is 
obviously nonlinear in Tq and very difficult to solve. This fact becomes evident 
when the equation is manipulated as follows:
(7)
(6)
/'at2pE-eV = kTc In
I J 7
Equation (7) shows that J is in the natural log term, which presents great 
difficulties due to the fact that J is negative for the collector saturation portion of 
the J-V back emission curves.
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Figure 21. Experimentally Determined Collector Temperature vs 
Emitter Temperature for Similar Diodes C002 and C003.
Given the fact that solution techniques for equation (6) are unreliable and 
that the equation is developed from ideal converter characteristics, it is probably 
more accurate to estimate the collector temperature by assuming it to be similar 
to previously tested converters of similar configuration. Two other converters 
with nearly identical configurations built by Loral EOS having planar electrodes 
and heat pipe coupled collectors have been tested under similar conditions. 
The collector temperature vs emitter temperature has been plotted in Figure 21 
for these two converters, C002 and C003. The dashed line between the two 
experimentally determined curves represents the estimate used for the window 
diode collector temperatures for all computer modeling calculations. 
Temperatures of interest are given by Table 1.
Table Window Diode Tq Estimate.
Te 1600 K 1700 K 1800 K 1900 K 1950 K
Tc 852 K 871 K 887 K 904 K 913 K
ICHAPTER 6
ANALYTICAL DESCRIPTION OF THE PLASMA
The majority of the contents of this chapter are attributed to reference 12 by 
Wilkins and Gyftopoulos. Figure 22 is a simplified illustration of the 
interelectrode plasma region in a thermionic converter. There are essentially 
three distinct regions in the plasma: an emitter sheath just outside the emitter 
electrode, a collector sheath just outside the collector electrode, and the bulk 
plasma region that exists between the two sheaths and occupies the majority of 
the interelectrode space. The analytical description of the plasma region is 
essentially comprised of the differential equations describing the electron (ne), 
ion (nj), neutral (na) atom densities and the electric field (E). The equations 
have boundary conditions that depend strongly on the plasma sheaths. Solving 
these equations computationally is a monumental task, so simplifications were 
made where possible.
x = dx = 0
Sheath polarity that pushes an 
electron this way is accelerating
Bulk Plasma
Sheath polarity that pushes an 
electron this way is retarding
sz
njCD
JZco
uQ)
O
o
Figure 22. Illustration of a Diode Plasma Region.
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x = d
Figure 23. Conceptual Illustration of a 
Simplified Interelectrode Motive.
x
x = 0
Figure 23 is a simplified illustration of the variation in interelectrode motive 
(y, in ev) between the region just outside the emitter edge (x = 0) to the region 
just outside the collector edge (x = d). 16 At the emitter edge, an electron has a 
potential of ye that is the magnitude of 0E above the emitter fermi level, pe. At 
the collector edge, an electron has a potential of yc that is the magnitude of <J>c 
above the emitter fermi level, pc
a strong function of temperature
From reference 1:
Poisson's equation:
The work function of an electrode surface, 0, is 
15
dE = e(n}-ne) 
dx e„ (8)
eE = —
Now differentiate (9) with respect to x and equate to (8) to get:
d2y _ e2(n, -ne) 
dx2 e0 (10)
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The Boltzmann equation for electrons, ions, and neutral atoms are given by:
= Jfe(x,ve)dve (11)
= jMx.vJdVi
Vj
(12)
= Jfa(X,Va)dVa (13)
*a
Some extensive theoretical predictions have been done by Wilkins12 as 
follows:
Assuming:
(1) ne and n, are low enough that charged particle interactions can be 
neglected
(2) Inelastic collisions are neglected because of low ne and temperatures.
(3) Plasma electron temperatures are equal to emitter temperature.
(4) Plasma assumed neutral, or ne = nj = n.
(5) No heavy particle temperature gradient exists.
The transport equations reduce to the following two equations:
J—4kT'£-enE) (14)
and
J, = Ji + J = -H^kT,^-enE^) (15)
For Te = TE,
Where: Je, J, = uniform electron, ion current density 
Te, T, = uniform electron, ion temperature 
n = charged particle density
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J = output current density 
E = electric field of the plasma 
ji°, p° = electron, ion mobility
It should be noted that (14) and ^15) that charged particle densities are 
assumed low enough to allow the neglection of charged particle interaction; 
and current densities and temperatures are assumed low enough to allow the 
neglection of inelastic collisions. 12-13
The solution of the simplified plasma transport differential equations (14) 
and (15) require two boundary conditions to solve for the integration constants 
given that there are two first order equations. These boundary conditions arise 
as a result of balancing the ion and electron currents across the Debye sheaths 
for each electrode and are given in Table 2. 12 Ves and Vcs are the voltage 
drops across the emitter and collector respectively. Jr and lr are the plasma 
electron and ion current densities, and similarly, Je (Jc) and Ie are the electron 
and ion current densities emitted from the emitter (collector).
Emitter Sheath
Accelerating Retarding
Je = JE-Jr|x=oe^ 1 _ I pi kTE J _ 1 1
Je“JEe Jr|x=0
f ~eVES 1 (-eVEs)
J _ 1 pi kTe J _ | 1J ~ E® r|x=0 1 - 1 _| | pi KTE JJi-'E 'rlx=oe
Collector Sheath
Accelerating Retarding
f-eVcs) (-eVcs^
|Z_eVCS 1
I - I | pi kTe J _ 1Je “ Jr|x=de JC
■WlJ kT' 1 Ji = L 1
1 r lx=d
Table 2. Boundary Conditions for the Simplified 
Plasma Transport Equations. 12
CHAPTER 7
TRENDS IN CALCULATED MINIMUM ARC DROPS
A program written in FORTRAN 77 called TECMDL was developed by Rasor 
Associates to model planar ignited mode thermionic converter operation. 7 This 
program is verified for interelectrode spacings of 5 to 40 mils, cesium pressures 
of 1 to 10 torr, and emitter temperatures of 1600 - 2000 K. 7 TECMDL is 
essentially a subroutine that requires inputs of emitter temperature, bare emitter 
work function, cesium pressure, interelectrode spacing, and current density. In 
turn, the TECMDL subroutine produces the corresponding calculated output 
voltage. TECMDL calculates the arc drop at each set of input conditions in 
order to determine the output voltage. The subroutine was modified to return 
this calculated arc drop. A driver program was written to iterate in ascending 
values of current density in order to generate the arc drops over the range of a 
typical J-V characteristic.
The arc drops were generated for current densities of 2 to 30 amps/cm2, and 
the minimum arc drops were determined from the data files. This minimum arc 
drop is assumed to occur at the transition point, which is normally near the point 
of highest efficiency for the particular set of converter conditions. 16
Figure 24 illustrates the relationship between the calculated minimum arc 
drops and the emitter temperature for various cesium pressures. It can be seen 
that there is a definite trend for arc drop to decrease as the cesium pressure 
decreases. This trend is expected in that the arc drop is a function of collisions
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0.3 -1--------------------- i-------------------- 1--------------------- 1---------------------1
1600 1700 1800 1900 2000
Emitter Temperature (K)
Figure 24. Calculated Arc Drops as a Function of Emitter 
Temperature for 2 and 7 mil Gaps.
in the intereiectrode space, which increase with the cesium atom and ion 
densities (cesium pressure).
Figure 25 shows the trends in calculated power density, at which the arc 
drop is a minimum, as a function of emitter temperature for various cesium 
pressures and three intereiectrode spacings. It can be seen readily that the 
power density minimum arc drop seems to peak at about 1800K for most of the 
calculated curves. Also seen in Figure 25 is that the power density at which the 
minimum arc drop occurs increases as the cesium pressure increases.
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Figure 25. Power Density at which Arc Drop is Minimum vs 
Emitter Temperature for Interelectrode Gaps of 2, 7, & 16 mil.
In Figure 26, the minimum estimated arc drop is again plotted as a function 
of emitter temperature, this time for various interelectrode gaps while cesium 
pressure is maintained constant. It can be seen from this illustration that the arc
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Emitter Temperature (K)
Emitter Temperature (K)
Figure 26. Calculated Minimum Arc Drop as a Function of Emitter 
Temperature for Various Interelectrode Spacings.
drop is a strong function of interelectrode gap. In general, for a given cesium 
pressure, the arc drop decreases as the gap increases due to the fact that the 
plasma collision losses are proportional to the atom/ion density and their mean 
free paths in the interelectrode space. For a given cesium pressure, the 
atom/ion density in the gap will decrease as the gap increases. As the cesium 
pressure increases, the arc drop dependency on interelectrode gap breaks 
down as a result of an apparent saturation in the plasma losses above 4 mil.
CHAPTER 8
COMPARISON BETWEEN CALCULATED AND EXPERIMENTAL 
UNIGNITED SATURATION CURRENT DENSITY
A program written in FORTRAN 77 called MASTERPC was developed by 
Rasor Associates to model planar unignited mode thermionic converter 
operation. 17 This program was developed to estimate emitter temperatures for 
converters being tested in General Atomic's TRIGA test reactor.17 These 
converters did not contain emitter thermocouples to measure the emitter 
temperature. The temperature was estimated by comparing the converter J-V 
characteristics to those calculated by the MASTERPC computer model.17
The MASTERPC program has been used here to solve the complex set of 
coupled, nonlinear differential equations describing the plasma region of a 
planar thermionic converter. This program models the unignited mode of a 
planar thermionic converter more closely than TECMDL. 17 MASTERPC has 
been used here to estimate the maximum theoretical unignited mode current 
density to be compared to the experimentally determined ignition current 
density.
The following are the set of transport equations that describe the plasma that 
exists in the intereiectrode gap of a thermionic converter:15-17
kTe + en E + (1 + kJ )nek
dx v e/ dx (16)
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J,= -fi, kT; —+ en,E + (l + klT)nlknV ' 'dx (17)
(18)
E= di/ 
dx (19)
(20)
(21)
Where:
Je,i is electron, ion current
jiej is electron, ion mobility
k is the Boltzmann's constant
Te,i is electron, ion temperature
ne,i is electron, ion density
E is the electric field
k^ is electron, ion thermal diffusivity ratio
qe is the electron heat flux
V is the electron potential
k6 is the electron thermal conductivity
S is the ionization coefficient
ni is the density of the Cs atom ground state
a is the three-body recombination coefficient
Vj is the ionization potential
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AErad is the electron energy loss by radiation 
AEeiastic is the electron energy loss by elastic collisions
The following assumptions are made for MASTERPC:17
ne = nj = n (assuming a neutral plasma) 
ni = na (a neutral atom density)
AErad is the resonance radiation loss (6S-6P)
AEeiastic is neglected
The MASTERPC program requires as inputs the emitter, collector, and 
cesium reservoir temperatures, emitter bare work function, interelectrode gap, 
as well as the range of current densities. The program calculates the 
corresponding output voltage for each current density. There were some 
convergence problems at larger interelectrode gaps and higher cesium 
pressures. In fact, for a 16 mil gap and 5 torr cesium pressure, the code only 
converged for an 1800 K emitter temperature. In general, as seen at lower 
emitter temperatures in Figure 27, the MASTERPC generated data compares 
very well to the experimental unignited mode data.
Figures 27, 28, and 29 illustrate the agreement between the MASTERPC
Figure 27. Comparison of MASTERPC & Experimental J-V Curves.
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generated curves and the experimental unignited mode data for low emitter 
temperatures. It can be seen from Figure 27 that the theoretical curves agree 
very well at an emitter temperature of 1600 K. The maximum discrepancy for a 
2 mil gap and 1 torr was only 0.14 amp'/cm2.
The agreement between the experimental data and MASTERPC steadily
Output Voltage (volts)
Output Voltage (volts)
Figure 28. MASTERPC Generated J-V Curves with the 
Experimental Data for a 2 mil Gap and 1 torr Cs Pressure.
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deteriorated as the gap and cesium pressure were increased. This is illustrated 
in Figure 28, where the maximum discrepancy at a 1600 K emitter temperature 
is about 0.2 amp/cm2 tor a 2 mil gap and 5 torr.
Output Voltage (volts)
Figure 29. MASTERPC Generated J-V Curve with the Experimental 
Data for a 2 mil Gap and 5 torr Cs Pressure.
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Figure 30. MASTERPC Generated J-V Curve with the Experimental 
Data for a 16 mil Gap and 1 torr Cs Pressure.
It can be seen more clearly where MASTERPC agrees well with the 
experimental data when the experimental ignition current densities are plotted 
with maximum theoretical current density as a function of emitter temperature, 
as seen in Figure 31. In these plots it can be seen very clearly that the 
theoretical predictions are excellent at emitter temperatures of 1600 K and 
1700 K, but get progressively worse as the emitter temperature increases above 
1700 K.
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Figure 31. MASTERPC Generated Maximum Unignited Mode 
Current Density with Experimental Ignition Current Densities as a
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CHAPTER 9
SUMMARY AND CONCLUSIONS
The objective of this research project was to characterize the ignition 
behavior of a variable gap, planar thermionic converter in order to identify 
patterns in ignition point, gap, cesium pressure, emitter temperature, and arc 
drop. More than 125 J-V characteristics were experimentally generated in the 
temperature range of 1600-1950 K, interelectrode spacing range of 2 to 16 mil, 
and cesium pressures in the range of 1 to 5 torr. These characteristics were 
then computationally simulated using both TECMDL and MASTERPC.
One of the goals of this project was to use the TECMDL program to estimate 
arc drops for each converter operating condition. Unfortunately, TECMDL 
proved to be ineffective in predicting the performance of this thermionic 
converter in all configurations. Discrepancies between experimental data and 
calculated values were commonly 100% or more. This fact lead to inconclusive 
correlations pertaining to arc drop.
The MASTERPC program, however, closely agreed with the experimental 
data for emitter temperatures at or below 1800 K and could be reliably used to 
predict ignition current densities. For emitter temperatures less than 1800 K 
and cesium pressures less than 3 torr, the calculated unignited values were 
nearly identical to the experimental values.
Strong correlation between ignition point and emitter temperature, cesium 
pressure, and interelectrode gap have been determined. This information 
should useful to the converter designer and as a diagnostic tool to estimate 
emitter temperatures during in-core testing.
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Output Voltage (volts)
Figure 32. Current Density-Voltage Characteristics 
for a 12 mil Gap and 3 torr.
General Observations of the Experimental Data
Figure 32 depicts the effect of the emitter temperature on the J-V 
characteristics of the window diode for an interelectrode spacing of 12 mil and 3 
torr cesium pressure. The five superimposed J-V characteristics correspond to 
different temperatures with other variables held constant. As observed in this 
figure, the apparent saturation region is clearly discernible at lower 
temperatures but as the emitter temperature increases, beyond 1800K, the 
performances in the electron-rich regime and that in the ion-rich regime appear 
to blend together and eventually become a straight line at 1950K.
The current density at ignition is usually lower than that at apparent 
saturation, that nearly horizontal part of the unignited curve, since ignition 
occurs before an apparent saturation level is reached.10 At 1600Kthe ignition 
current and apparent saturation current are essentially the same, but the 
discrepancy becomes progressively larger as the emitter temperature reaches 
1950 K. From data obtained at other interelectrode gaps, it was found that 
occasionally at low emitter temperature and large spacing, the ignition current
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Output Voltage (V)
Figure 33. Cesium Vapor Dependence for a 16 mil Gap at 1700 K.
was up to 40% larger than the apparent saturation magnitude. Also noticeable 
in these characteristics is the hysteresis between the ignition and de-ignition 
elements; and its variation with temperature. The hysteresis effect decreases 
with increased emitter temperature. The reason for this behavior is that at lower 
temperatures a large amount of electrical energy is provided by way of biasing 
the converter until it ignites, thereby slowing down the thermal response. At 
higher temperatures, the thermal energy initiates ignition and minimizes any 
discrepancy between the ignition and de-ignition modes. 1
Figure 33 demonstrates the dependence of cesium vapor pressure on the 
performance of the window diode. The figure is a superimposition of several J-V 
characteristics at various cesium vapor pressures for a given inter electrode gap 
and a given emitter temperature. At low vapor pressures, the emitted ions are in 
excess of emitted electrons and the electron current is emission limited. Hence, 
as the cesium pressure increases, the emission current increases. At high 
pressures, there is a shortage of ions and the current is space charge limited. In 
this region, electron current is a strong function of spacing.
Useful Trends for the Converter Designer
The strongest observed correlation existed between ignition current and 
emitter temperature. The not-so-surprising fact is that most of the strongest 
observed correlations exist with respect to the emitter temperature. There are
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also strong observed patterns between gap and ignition point, as well as 
between cesium pressure and ignition point. The weakest correlations were 
those between ignition point and the calculated arc drop.
One of the most important characteristics of any thermionic converter at a 
given set of electrode temperatures and cesium pressure is the ignition point. 
The ignition point helps to define the stable range of operation for current 
density and output power. The ability to accurately predict this characteristic 
when designing a converter would be of great utility. There is some useful 
information contained in this document to aid the thermionic converter designer 
in predicting ignition point. The figures in this section containing information 
pertaining to correlations between emitter temperature, gap, cesium pressure, 
and arc drop can be used to obtain a better estimate for the ignition point of a 
converter before fabrication.
Unfortunately, when designing a converter, there are often many parameters 
that are fixed or cannot be readily controlled. In many cases, the interelectrode 
gap will have some practical lower limit of 2 to 4 mil for out-of-core planar 
configurations, or close to 20 mil for in-core configurations. 9 In fact, the gap of a 
thermionic fuel element will continuously get smaller through the life of the 
converter due to the swelling of the nuclear fuel contained inside the emitter. 9 
The emitter temperature also has some practical upper limits depending on the 
emitter material ranging from 1850 K for Mo and about 2000 K for W alloys, but 
there is some latitude below these limits.9 The cesium pressure is probably the 
easiest parameter to control, but even this can have some practical system level 
limits in that it may not be possible to control the cesium pressure for each 
converter independently. The figures in this section present the data in a 
manner more useful to the converter designer.
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Figure 34 shows generalized ignition current envelopes as a function of 
emitter temperature for a 2 mil gap and a 16 mil gap. In general, the ignition 
current is highest at 1 torr cesium pressure and lowest at 5 torr cesium pressure. 
The trends are very stable for this parameter The 4, 7, and 12 mil gap 
envelopes are contained within the two shown in the figure.
The ignition voltage is not quite as well defined as a function of emitter 
temperature, but there is very little variation at emitter temperatures of interest. 
Figure 35 illustrates generalized trends in ignition voltage as a function of 
emitter temperature. The ignition voltage envelopes are almost identical for all 
gaps tested, except for the trends with respect to cesium pressure. For 2, 4, and 
7 mil gaps, the ignition voltage is higher for 5 torr and decreases steadily down 
to 1 torr. The exact opposite trend is observed for 12 and 16 mil, with the 
voltage being the greatest at the 1 torr line. The reason for this reversal in trend 
for small gaps to larger ones is not clear at present but will require detailed 
testing at lower intervals before it is understood.
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Figure 36 provides information to help predict the ignition voltage as a 
function of intereiectrode spacing. In general, all the curves for 1600-1950 K 
were approximately parallel, with 1600 K having the lowest ignition voltage, and 
the 1950 K emitter temperature curve having the highest. It should also be 
noted that the ignition voltage tended to increase slightly with gap for 1 and 2 
torr cesium pressures, but did not increase for 3-5 torr.
Figure 37 illustrates the observed trends in inverse current density as a 
function of intereiectrode spacing. It should be noted that these trends do 
exhibit an exponential behavior as predicted by Wilkins 12, not the linear 
behavior observed by Gunther. 10
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Figure 36. Ignition Voltage Trends With Respect to Gap.
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Figure 37. Trends in Inverse Ignition Current Densityas a 
Function of Interelectrode Gap.
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Figure 38 contains arc drop information predicted by the TECMDL program 
and is provided to help the thermionic converter designer estimate the 
conversion efficiency. Unfortunately, the estimates were not consistent for the 
calibrated range of the TECMDL program, 5 to 40 mil gaps. 7
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Figure 38. Arc Drops as a Function of Emitter Temperature
for 1, 2, and 3 torr Cesium Pressures.
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APPENDIX A
EXPERIMENTAL DATA
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Window Diode, 12 mi Window Diode, 12 mi
6.5 i
5.5 ■
4.5 |
3.5 i
2.5 j
1.5 i 
0.5 
•0.5
-0.5
Emitter Temp: 1700K 
Cesium Pressure 4 torr 
IP: 0.27v. 0 44 amp/cm2
t E
0.5 1.5 2.5
Output Voltage (volti
Window Diode, 12 mi
Output Voltage (volti
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Window Diode
12 mil Hot Gap, 1S00K
Window Diode, 12 mi Window Diode, 12 mi
Output Voltage (volti
Window Diode, 12 mi Window Diode, 12 mi
6.5 ,
5.5 j
4.5 j
3.5
2.5 
i.s 
0.5 , 
-0.5 *-
-0.5
t Emitter Temp 1800K
\ Cesium Pressure: 4 torr
V IP: 0.69v, 2.10 amp/cm2
\
V
0.5 1.5 2.5
Output Voltage (volti
Window Diode, 12 mi
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Window Diode
12 mil Hot Gap, 1900K
o
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Window Diode, 12 mi
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Window Diode
12 mil Hoi Gap, 1950K
Window Diode, 12 mi
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Window Diode
16 mil Hot Gap, 1600K
Window Diode, 16 mi Window Diode, 16 mi
t E3 a O
Output Voltage (voltt
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•0.5 ■ —
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\
1
Emitter Temp: 1600K 
Cesium Pressure: 2 torr 
IP: -0.07v. 0.30 amp/cm2
0.5 1.5
Output Voltage (volti
2.5
Window Diode, 16 mi Window Diode, 16 mi
e o. 
t E
6.5
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0.5 
-0.5
Emitter Temp: 1600K 
Cesium Pressure: 3 lorr 
IP: -0.17v. 0.26 amp/cm2
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Output Voltage (volttOutput Voltage (voltt
Window Diode, 16 mi
Output Voltage (voltt
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Window Diode
16 mil Hot Gap, 1700K
Window Diode, 16 mi
>»
73 ? 
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Window Diode, 16 mi
Window Diode, 16 mi
Output Voltage (voltt
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Window Diode
16 mil Hot Gap, 1800K
Window Diode, 16 mi
Output Voltage (voltf
Window Diode, 16 mi
Window Diode, 16 mi
Output Voltaga (volts
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Window Diode
16 mil Hot Gap, 1900K
Window Diode, 16 mi
Window Diode, 16 mi
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Window Diode
16 mil Hot Gap, 1950K
Window Diode, 16 mi
Output Voltaga (voltt
APPENDIX B
SUMMARY OF IGNITION POINTS
Gap Emitter Temp Cs Pressure V J
2 1600 1 -0.4 1.04988
2 1600 2 -0.23 0.91528
2 1600 3 -0.16 0.69992
2 1600 4 -0.14 0.56532
2 1600 5 -0.05 0.55186
2 1700 1 -0.28 2.03246
2 1700 2 -0.1 1.96516
2 1700 3 0.03 1.77672
2 1700 4 0.11 1.6152
2 1700 5 0.13 1.29216
2 1800 1 0.36 3.12272
2 1800 2 0.11 3.39192
2 1800 3 0.35 3.05542
2 1800 4 0.36 2.4228
2 1800 5 0.4 2.20744
2 1900 2 1.22 3.48614
2 1900 3 1.21 3.31116
2 1900 4 1.16 3.33808
2 1900 5 1.11 3.1631
2 1900 6 1.07 3.0958
2 1900 7 1.04 3.05542
2 1900 8 1.01 2.73238
2 1950 2.5 1.31 3.7015
2 1950 3 1.28 3.59382
2 1950 4 1.22 3.41884
2 1950 5 1.2 3.39192
2 1950 6 1.17 3.24386
2 1950 7 1.15 3.2304
2 1950 8 1.12 3.24386
4 1600 1 -0.42 0.52494
4 1600 2 -0.18 0.34996
4 1600 3 -0.15 0.28266
4 1600 4 -0.15 0.24228
77
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4 1600 5 -0.15 0.2019
4 1700 1 -0.01 1.11718
4 1700 2 0.26 0.99604
4 1700 3 0.11 0.673
4 1700 4 0.17 0.55186
4 1700 5 0.12 0.48456
4 1800 1 0.3 2.00554
4 1800 2 0.49 1.64212
4 1800 3 0.57 1.30562
4 1800 4 0.57 1.09026
4 1800 5 0.56 1.06334
4 1900 1 0.9 2.8266
4 1900 2 0.87 2.51702
4 1900 3 0.82 2.5574
4 1900 4 0.81 2.24782
4 1900 5 0.8 1.84402
4 1950 1.6 1.2 2.39588
4 1950 2 1.12 2.8266
4 1950 3 0.98 2.9612
4 1950 4 0.94 2.73238
4 1950 5 0.9 2.61124
7 1600 1 -0.35 0.4711
7 1600 2 -0.2 0.2692
7 1600 3 -0.07 0.24228
7 1600 4 -0.09 0.21536
7 1600 5 -0.09 0.17498
7 1700 1 0.07 1.1441
7 1700 2 0.3 0.92874
7 1700 3 0.37 0.79414
7 1700 4 0.46 0.673
7 1700 5 0.23 0.6057
7 1800 1 0.53 1.79018
7 1800 2 0.77 1.2787
7 1800 3 0.79 1.02296
7 1800 4 0.59 1.13064
7 1800 5 0.6 1.0095
7 1900 1.1 0.97 2.43626
7 1900 2 0.94 2.2209
7 1900 3 0.84 2.36896
7 1900 4 0.8 2.24782
7 1900 5 0.77 2.31512
7 1950 1.5 1.08 3.08234
7 1950 2 1.12 3.08234
7 1950 3 1.05 2.9612
7 1950 4 1 2.71892
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7 1950 5 0.96 2.692
12 1600 1 -0.27 0.37688
“T2I 1600 2 -0.13 0.24228
12 1600 3 -0.12 0.25574
12 1600 4 -0.21 0.2019
12 1600 5 -0.32 0.2019
12 1700 1 0.07 0.78068
12 1700 2 0.41 0.59224
12 1700 3 0.38 0.52494
12 1700 4 0.27 0.44418
12 1700 5 0.1 0.37688
12 1800 1 0.86 1.10372
12 1800 2 0.8 2.26128
12 1800 3 0.74 2.19398
12 1800 4 0.69 2.09976
12 1800 5 0.64 1.79018
12 1900 1.3 0.99 2.93428
12 1900 2 1.04 2.98812
12 1900 3 0.97 2.81314
12 1900 4 0.93 2.57086
12 1900 5 0.89 2.65162
12 1950 2.2 1.17 3.37846
12 1950 3 1.17 3.25732
12 1950 4 1.08 3.13618
12 1950 5 1.03 3.01504
16 1600 1 -0.19 0.4038
16 1600 2 -0.07 0.29612
16 1600 3 -0.17 0.25574
16 1600 4 -0.29 0.24228
16 1600 5 -0.4 0.24228
16 1700 1 0.36 0.673
16 1700 2 0.45 0.52494
16 1700 3 0.43 0.48456
16 1700 4 0.32 0.44418
16 1700 5 0.06 0.36342
16 1800 1 0.79 2.3555
16 1800 2 0.77 2.34204
16 1800 3 0.71 2.20744
16 1800 4 0.65 2.05938
16 1800 5 0.59 1.70942
16 1900 1.6 1.01 2.8939
16 1900 2 1.01 2.94774
16 1900 3 0.96 2.81314
16 1900 4 0.87 2.46318
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16 1900 5 0.82 2.46318
16 1950 2.2 1.11 3.0958
16 1950 3 1.07 2.93428
16 1950 4 1 2.93428
16 1950 5 0.9 2.65162
